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llsill~, a diffltlctivc ci~,clltlmde  [Ic::i(IIIrIIt  t o  Iitodcl  llIc l:Isc.] oulj)t][ 1*’C Slmw that gla(lc(l-

lcflcc[:~lwc  Icsotlato]  op{ics of”ftx sip,llifmlllt cffwkttcy  Ix.]wf]ls  ova col]vcl]liol);ll  lIald-cd~,c

couj)ld  UIIS1:II)IC ICSOII;I1OIS ill tlIc co IItcxl d col IcIc IIt d:[cclioll  Iidal :Ilq)licatiolls. l;xtcIldill:

])]c.vjol]s WOIk j)cI  li]]cl]t 10  [IIC. lli:,ll  C(]uiv:llcllt  I’]CSII(..I II UIIIIX1 ]Lf’,illlc, \\’c IIavc IIlodcllcxl tllc

o])til]]tlll)  J)CI f’o] Ill:  IIIcc of a IIotiolinl su])ct  -Ciaussi:ll]  coLI]Ilcd  c:l\’ity as a ful]clion of tlic. kcy

lcsol I:ltor 1):11 :Ilmtcm ilI tllc low cquivalr]l(  lilL.SlICl  lIllilIl~:t  (<3) IC[’,illw. ‘1’tlc fill(lillf,s  fIc)lil tl)is

s[udy ale. :t])j)licablc to tlIc dcsif,rl  of col Ic]cIIt  li(i:u tltillw]}ittcls  (JJwJ iltCd witllill  tl]is Ic#,illlc.



1. IIltro(lucliolt

‘1’he ovcral] efficiency of a cohc]ctIt  Ctctcctiot]  lidal systt2i II is (wl)lill$d.lit  oII llul IIc.louS cln])ilical

filCtOIS,  1)01  lIIC lCilSl  Of wl~icll  ale tllC tWllll quality ald (IUtpUt CIIC.l~y  Of IIIC t[allslllitlcl  laSC.1.

l’l CVi[)LISl~,  it 11:1S t)C.Cll SllO\\’1) tlOW~  both Of tllCSC qualltilics  Cilll  t)C illfl\lCl]CCXl  t)~ tllC llatlll C. Of

tllc cavity o])lics tl)cl  IIsclvu,  i.e., by tllc. llsc.  01 g,l add I dtcctallc(.  output  Couplu  s] ‘2. 1 iol a

IIUllll)Cl-  of yca Ts tlIc. use of g,[:lclc.(l-rcf  lccl:{tlcc )csonatm  o])li  CS has l)cc II a(lvocatcd  as a lIICall S

Of illlj)roviIlf, tllc. S]):ltiill ])lo])c.t[ics of tt)c. lilsc.1 out~)ut,  based 01] tl)c ])u[alivc abil i ty of SIICII

o])tics to imlmc.  it WC1l-(lCflllCd  tl;lTISVCJSC ])lofil C 011 th( OUt])llt  tW.[1111 ‘{’4. Wl]ilc.  this approaclI

lIas yicldc(l  l~iucll  useful insi~,}lt illtc)  tlIc (Iuc.stion  at haIId,  it IICVC.I illcl~.ss  OIIly  has validity ill

llle case Wllcl  c. NC(l is sufficictltly  lalf,c tl]at  tlIc ]aser lII[dc CaII justif):ibly  k desclit)cd  usillp,

the  f,col  IIctl  ic lilnit  :I])])lc)xill-i:ltioll

]mfilc (Ictcllllinistll  by tile. cavity

ald  thus has lilnited  utility. Since the assulllptioll  of IIm(k

optics breaks down at low h’c(, as tllc Icflcctivity  g,ra(iicvlt,

illcleascs, aII accutatc,  lc.ndcril]~,  of this issue lc(]uilr,s 2 full (ii fl’tactivc.  ci~,c[llrmk  tlcatlmllt

of tllc IC’sollatc)l  Out})tlt.

I(I tlw.ifli(ial  stu(lyl afif,[lrc-of-ll  lcrit<lW  'as(lcfltlcclw /lliclli  llcltl(lc(l  t)otllt }lclcsoll:~torell  clgy

cxtractioll  cfficiclKy (cx])lcsscd ill tcl Im of the lIIcdal (vvity fillillF,  factm Qv) timt tlIc fal-flcld

t)cal)l  bl-ip,lltlmss  (rx]urssc.cl in trill-ls of tlm antcilIla  cfflciclmy 1“])  to yic.ld  an indication of the.

]mtvcl [llll)Sll lissioll  cfficicllcy  into tllefi)l-flcld:

Q : IIQ}, . (1)

WC slial] usc this fi$ulc-of-lm.l  it ill tllc ]nc.scl]t  study also in wdct to (Itlat]tify  the pclfw mallcc

Of  Vali(llls  ]’Cs[)]”l}~[OJ  stl llCtlllcs a]l(l tllcir  cojlcolllitaljt  slli[at)ility fol co]lclcllt li(l}li  a])plications.
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2. ‘1’ransmit(m Rmmtor h’lo(lcl

I:or the purposes of the present study tile family of funclions  known  as ,rl/J)er-C;al/,$Si(ltlL$  has

once ag,ain been chosen to descrit]ctl  lcraclial variation  (If thecou])lcl  rdklivity  R(r):

l<(r) =: Rocx])[-2(r/v1’,,, )”1 , (2)

w~l]erC ROistl)e  ol]-axis rcfiecltirlce,r  t}le.r  adial  ordinate, w,,, is tlIc C-2 I adius  of the reflectance

profile, and n is the, super-(iaussian or(kr. Also iIl COI Imon with tlIC ]mwious  studies, wc

assume a posit ive-brtinch  (Ossegrain)  confocal  unstdb]c I mmator.  “1’hc fuldamultal  tl ansvcrse

mock fid(l  ulll(r)  of the resonator is computed by numerical solution of the. cavity

cigcmfuncticm 5  fm sc]cctcd values  o f  t h e  cavity  Inagllificatiml  h4 aII(l Cquiva]cnt ] ‘l”C.SK]

numbm NCq :

whm y is the eigcnvaluc of tk fundmcntal  Indc, J(, is the ordinal y lkssel function of zeroth

older, and ~, & are normalized  radial coordinates. “1’he e.(!uivale.I]t  10 C. SIIC1 number is given bys:

(4)

in which k is the laser wavdcngth  and 11 is the cffcctiv~’  cavity Iou II(l-tI ip excursion distane.c.

‘1’hc resonator cne.rgy extraction efficiency is frcqucntl y regarded as ])1 oportional  tc) the, Ckglcc

c)f overlap bctwcc.n  the  c:ivity mock and the available, f’,ain volume; a quantity often rcfcrrcd

to as the cavity filling, factor. Since we at-e assuininf~, a co]lfocal ]csonator, and thtxfore

collimated output, the cavity filling factor, whilf strictly spcakin:,  a tlII cc.-dilnensional  property,

may bc rduced to a two-dimemional inte+yation, ‘1’hus (JV m:iy k de.scribd  in tmns of the



ratio of the mode area of the laser to that of a plane

limiting apcrlurc r:ictius of the lidar transmitter lasm)6:

1 V Kb, where b is the

(5)

Much has been written conccrnin~,  the optimum intracavity  aperture for a given laser device.

The central issue here is the trade-off between maximal u[iliz,ation  of the available gain volume

as set against the detrimental effect of diffraction induced by intcrfmmee  with the laser mode

by elements of its physical environs (e.g., containment \csscl,  dischalgc electrodes, laser rod

walls, finite optics boundaries, m,). For the case of a Gaussian p~ofi]cd  reflector (n = 2)

analysis has shown6 that a reasonable balance pJ evails for an output beam truncation b/w. =

1.4. We may expect this fi~ure to convcIgc  to unity as higher ordel su]wr-Gaussian  profiled

optics are considered, (Silvestri,  et al. state as a “rule of thumb” that vignetting of the beam

should not be allowed to exceed the 570 of peak power levc14). } Iowcvcr,  it should also be

noted that practical laser systems rarely evince useful gain at the l)criphery  of the excited

medium, so that it should be considered inappropriate to equate the upper integration limit of

Eq. (5) to the actual physical extent of the laser gain lncdium.  A more. accurate measure of

gain volunle utilization can perhaps be estimated by collsidcritlg  ttle overlap between the laser

mode and the usable gain vo]uti)e (to which we assisn a radius b; the upper limit of our

integrat i on). The.orct ical and experimental analysis of a Gaussian beam laser s ystcm 7 h a s

demonstrated that optimum performance obtains for b/\~’O  = 1. Since this result can bc expected

to pertain to an cvc.n  greater dcg,rce  for the nmc conq~aet super-Gaussim~ modes (n > 2), we

have adopted it for each inlplcmcntation  of Eq, (5) which was ncccssary for the present study.

4



‘3. . ColmSOlt I ,id:tr Model

“1’hecohcrcnt  lidar transceiver configuration is assume(l  to comprise a coaxial matched-pupil

geometry and tllct):lck]>ro~]z]g:lte.d  local oscillato)  for[llalislllis~lscd  10 simulate thccolment

mixing  proccss8 , so tllattl]e.  al]te.]~llae  fficicl]cy q fo]’a]lc~lllill;illy  diffl]scacrosol  targetaciopts

the fom19:

J
2

[ 1

T7A2Z 2 ~“uT(P)mPM2P
q. .  –i_ _—. —. ——. -—. —

7’
[J 1[ 1

0 I u,(r) I’dzr J’oo I uL(r) 12d2r ‘o

(6)

where z. is the Iang,c to the target, IJX is the complex trallsvcrse. field descriptor, p is the radial

ordinate at the tarp,ct plane, aIId Al. i s  the pupil area (Ka2). ‘1’hc subscripts connote the

tlalls!~littcrl~c~il~l  (’1’) and tllc[)ackl]ro]>agatcd  local oscillator(l) aIId ‘I’tl. is thctransmit  beam

pupil tttltlslllissiollf  lltlcti(>ll,g  ivcllby:

T. L’lul :)1’d’r
T  /o-pT(r)]’(r;’

(7)

sillcc\}'c  tll"c;lssiltlli  llgrtlCli:llly  syllltllctric  lJl"clfilcsc  ollcc]ltl`icv'itll  tl~ctl:ltlsccivcr~~~l]>il  (radius

a). Substituting this idcntily  into llq. (7) and accmntin:  for the radial  symmetry propcr~y we

tl]us obtain:

(8)

in which:

U.,.(r)= u,,)(r) [l-l{(r)l% (9)

s



I’hclc)cal oscillator field U],(r) is assumccl  to t>cfl:\t-]}1121 scGa~lssizill at tl]etlal~sceivcrp~l]~il

plane with an c‘2” intmsity  radius  of WI, and a truncation p:mimcter at tltc pupil of a/wl, = 0.84.

This local oscillator field specification is optimum for arbitrary tramnjit beam profile, as was

indicated empirically in a previous studyl  and late.r ckmonstratcd  explicitly by Frehlicl~l O.

‘1’he far-field beam

diffraction relation:

irradi anccs lJX(p) are computed by I ncans of the flee-space Frau nhofcr

I lere, W. is the transmitter beam radius, defined as3:

W.= W1l,(M1’ -1 )1/” . (11)

l;or each sclcclcd  resonator config,uraticm  the transmitter beam truncation parameter a/w. is

incrcmcntcct and ii]. (8) evaluated until an optimum o]x.rating  point is identified.

4. l’aramdric l!ehavior of lmvd order Resonator Eigmnule

For this study wc have sclcctcd  values  of the cavity lnagnificatioi]  h~ =- 1.5, 2.0, 2.5 (the

conditiol]  M = 2 is frequently spccificct because it nmimizcs  NC(l for a given resonator

col~figuratiol~]  1, and values  of thr equivalent 1~1 csncl number  NC{] := 0.5, 1.5, 2,5. “1’hese half-

integral NC{] values correspond to the optimum tl”aw’el  se ll~ode ~is~l  imil~:itioll  ~eskl~  poil~ts

for a radially symmetric hard-cctgc  coupled  unstable resonator]z atd were sclectwl i n order to

directly compare [IICSC  rcsoIIator structures with their slllleI-G:~llssi:/1~  coujIlcd counterparts. (At

]cast for low order stl]>cl-[i[l~lssial~  reflectors this rccomlnemlcd  restriction on tl~e value of NC(l

does not applys.)
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For each combination of these parameters the super-Gaussian order n was incremented between

2 and 20 and the resultant fundamental resonator mode field components extracted by solving

Eq. (3). For illustrative purposes, we reproduce the radial variation of mode intensity and

residual phase as a function of n for the three M = 2, cases in Figules 1-3. We may note that

for n = 2 there is very little perturbation of the geometric transverse mode profile by

diffraction effects and the phasefront is virtually flat across its profile. At which point the

diffraction-induced beam structure becomes significant is very much dependent on Ncq. For

the case where Ncq = 0.5 the geometric solution is invalid beyond II = 2 (see Fig. 1), whereas

the geometric limit remains a reasonable approximation out to n =- 6 for Ncq = 1.5 (Fig, 2) and

out to n = 8 for Ncq = 2.5 (Fig. 3). (We shall see later in our discussion of Fig. 15 how

fundamental these particular observations are in relation to overall lidar efficiency.) As Neq +

C- the solution of F.q. (3) thus converges to the geon~etric limit; the situation which was

2 Although in all instances the wavcfront phase begins torepresented in the previous study .

degrade at n >2, the degree of deterioration remains relatively small until the extreme wings

of the intensity distribution are reached. Phasefront degradation therefore contributes only

marginally to that of the overall system performance. We will sec in the following section how

these behavioral trends cor~elate  closely with the thee] etical  coherent lidar performance.

For comparison purposes we also show the mode intel~sity  profile and residual  phase for the

corresponding hard-edge coupled resonators in Figure 4. The lack of gain volume utilization

efficiency is immediately apparent in the upper pane] of Fig. 4. l’his,  combined with the

considerable irregularities in both intensity and phase, are the princip]c  origins of the poor



coherent lidar performance predicted for these cavity architectures when compared to their

super-Gaussian coupled counterparts (see Figs. 6-14).

Depenclences  of the zero-order eigenmode  feedback ratio on n for the M = 2 case and for the

salient values of Ncq are shown in Figure 5. Note that as Neq increases, the feedback ratio

tends to converge toward the value prevailing at

5. Parametric Behavior of Coherent Lidar

the geometric optics limit.

Performance

To assess dependence of the coherent lidar performance on the coupler reflectance profile we

track q, tiwo I ~I)t, Q,, and Q as a function of n and R. for each of the cavity configurations

identified in the previous section. By setting unity R. and allowing, n -+ m we may also model

the behavior of the equivalent hard-edged coupler for each case. Figures 6-14 contain the

results of this parametric study for all nine combinations of M and Neq considered here, with

the equivalent hard-edged coupler case being represented in each instance by the horizontal

broken line (1 lE~).  The major difference between the present results and those reported for the

geometrically obtained laser modes in Ref. 2, is that we now observe a finite-n optimum

operating point (as opposed to asymptotically increasin:  performance n~etrics2)  as diffraction

effects become increasingly important at larger values of n. III each of these figures it is

apparent that the principle contribution to Q originates from the behavior of Qv rather than the

more slowly varying q. In general we may note from these displays that the figure-of-merit

increases with Ncq, while  decreasing with M. This I esult essentially reflects the weaker

influence of diffraction processes at higher NCq. Note thot because the laser intracavity aperture

is now decoupled from the lidar pupil the extraction efficiency Qv is independent of R. (cf.
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Ref. 2), so that only a single set of data are now required to describe tl~is  property for a given

resonator case.

Theexactvalueofn  that yields  ttleopti]~~utl~  o~Jcrating point  isa~~ol~-ttivial  function of M,

RO, and Neq, but in the case of Neq = 1.5 (Fig,ures 9-1 1), a well-defined optimum can be

inferred to lie near n = 6, ostensibly independent of M. For Ne~ = 2.5 (Figures 12-14) the

optimum operating point is somewhat broader and more sensitive to h4, migrating from n =

7 at M = 2.5 to n = 8 at M < 2,0; the optimum Q values approach those previously computed

for the Ne~ + ~ limit2.  However, the Ne~ = 0.5 case (Figures 6-8) exhibits a fundamentally

different character in that the lidar performance metrics decline asymptotically with n and do

not reach a stationary point. Another significant observation we may make is that although the

absolute performance of the lidar system is affected by R{) (except in the Ncq = 0.5 case, where

]~igse 6-8d evince no RO dependence whatsoever), the optimum value  of n is essentially

independent of RO. This is a useful result in that it provides an unequivocal starting point for

designing a super-Gaussian coupler in a system with known M and Ncq. Note that in all cases

examined here the super-Gaussian coupled resonator far outperforms its hard-edge coupled

equivalent, although it must be emphasized that these results obtain fol low equivalent Fresnel

number  cavities; such impressive performance gains with super-Gaussian optics are not

observed in practical systems of moderate-to-high (>5) equivalent Fresnel  numberl 3>14.

It has been noted12 that excellent transverse mode disc] imination is afforded by operation in

the vicinity of Ncq = 0.5 (at least for hard-edge coupled resonators). 1 Iowever,  it is clear from

comparison of the above results that such a choice would yield poor lidar performance.



Nevertheless, it is possible to conceive of the circumstance where a low SNR lidar application

could trade performance for optimum output stability, in which case we are able to state that

a Gaussian-profiled (n = 2) coupler would suffice for optimum performance; nothing is gained

by the use of super-Gaussian optics, as can be disceme{i from Figs. 6-8.

Figure 15 summarizes the above findings. The form of the fitted curve indicates asymptotic

behavior of the computed optimum n as a function of INcq. For Ne~ <2.5 the optimum n was

found to be essentially independent of the cavity magnification M over the range investigated

during the cunent  study. The vertical bar at Nc~ = 2,5 represents a range of values of nopt and

denotes the point at which the onset of significant dependence on M is observed.

6. Conclusion

This study has provided further evidence that graded-reflectance output couplers can be

employed to significantly enhance the performance of unstable resonator laser transmitters in

coherent lidar applications. The unloaded cavity results presented here show significant

dependence of the optimum operating point on the salient  unstable ~esonator  parameters: n, M,

RO, and Ncq. “1’hese  generalized findings constitute a useful indicato~ of the likely benefit to

be expected on converting a conventional hard-ed$,e  coupled unstable resonator lidar

transmitter to a graded-reflectivity coupler configumtion.  ] Iowewer, application of this

formalism to analyse  the performance envelope of a given system-specific resonator

architecture should ultimately incorporate factors relating to the laser medium itself, since the

dynamics of the gain medium can drastically modify the resonator cigenmode structure from

the empty cavity case in certain circumstancesls’l~.
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Figure Captions

Figure 1. Dependence of M = 2 unstable cavity fundamental mode intensity (upper) and

phase (lower) on super-Gaussian order; NW, = 0.5.,

Figure 2. Dependence of M = 2 unstable cavity fundamental mode intensity (upper) and

phase (lower) on super-Gaussian older;  Net, = 1.5.

Figure 3. Depen~ence of M = 2 unstable cavity fundamental mode intensity (upper) and

phase (lower) on super-Gaussian order; Necl = 2,5.

Figure 4.

Figure 5.

Figure 6.

Dependence of hard-edge coupled M = 2

intensity (above) and phase (below) for Ne{,,

unstable cavity fundamental mode

= 0.5, 1.5, and 2.5.

Feedback ratio of the lowest-loss transverse mode as a function of Ncq and for

M=2.

Dependence of (a) optimum antenna efficie]lcy (qII~C is off scale at -6.57 d~),  (b)

optimum truncation parameter, (c) cavity energy extract ion, and (d) figure-of-merit

on super-Gaussian order and on-axis reflectance of the. lidar transmitter output

coupler; M = 1.5 and Neq = 0.5. The horizontal broken line represents the

equivalent hard-edged coupler case.



Figure 7. Dcpenclence  of (a) optimum antenna efficiency, (b) optimum truncation parameter,

(c) cavity energy extraction, and (d) figure-of-merit on super-Gaussian order and

on-axis reflectance of the Iiclar transmitter output coupler; M = 2.0 and Ncq = 0.5.

The horizontal broken line represents the equivalent hard-edged coupler case.

Figure 8. Dependence of (a) optimum antenna efficiency, (b) optimum truncation parameter,

(c) cavity energy extraction, and (d) figure-of-merit on super-Gaussian order and

on-axis reflectance of the lidar transmitter output couplel;  M = 2,5 and Neq = 0.5.

The horizontal broken line represents the equivalent hard-edged coupler case.

Figure 9. Dependence of (a) optimum antenna efficieltcy  (TIII~C  is off scale at -6.73 d~~), (b)

optimum truncation parameter, (c) cavity energy extraction, and (d) figure-of-merit

on super-Gaussian order and on-axis reflectance of

coup]e~  M = 1.5 and Neq = 1.5. The horizontal

equivalent hard-edged coupler case.

the lidar transmitter output

broken line represents the

Figure 10. Dependence of (a) optimum antenna efficiency, (b) optimum truncation parameter,

(c) cavity energy extraction, and (d) figure  of-merit on super-Gaussian order and

on-axis reflectance of the lidar transmitter output coupler; M = 2.0 and Ncq = 1.5.

The horizontal broken line represents the equivalent hard-edged coupler case.



Figure 11. Dependence of (a) optimum antenna efficiency, (b) optimum truncation parameter,

(c) cavity energy extraction, and (d) figure-of-merit on super-Gaussian order and

on-axis reflectance of the lidar transmitter output coup]cr; M = 2.5 and Neq = 1.5.

The horizontal broken line represents the equivalent hard-edged coupler case.

Figure ]2. Dependence of (a) optimum antenna efficiency (q}I[lC is offscale at -6.95 dB), (b)

optimum truncation parameter, (c) cavity energy extraction, and (d) figure-of-merit

on super-Gaussian order and on-axis reflectance of the lidar transmitter output

coupler; M = 1.5 and Ncq = 2.5. The horizontal broken line represents the

equivalent hard-edged coupler case.

Figure 13. Dependence of (a) optimum antenna efficiency, (b) optimum truncation parameter,

(c) cavity energy extraction, and (d) figure-of-merit on super-Gaussian order and

on-axis reflectance of the Iidar transmitter output coup]ex;  M = 2.0 and Neq = 2.5.

“1’he horizontal broken line represents the equivalent hard-edged coupler case.

Figure 14. Dependence of (a) optimum antenna efficiel]cy, (b) optimum truncation parameter,

(c) cavity enerxy  extraction, and (d) figure-of-merit on super-Gaussian order and

on-axis reflectance of the lidar transmitter output coupler; M = 2.5 and Neq = 2.5.

l’he horizontal broken line represents the equivalent hard-edged coupler case.

Figure 15. Dependence of optimum super-Gaussian older on the resonator equivalent Fresnel

number Nccl. The broken curve is provided only as a guide for the eye.
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